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We report the first observation of a large spin lifetime anisotropy in bilayer graphene (BLG) fully
encapsulated between hexagonal boron nitride. We characterize the out-of-plane (τ⊥) and in-plane
(τ‖) spin lifetimes by oblique Hanle spin precession. At 75 K and the charge neutrality point (CNP)
we observe a strong anisotropy of τ⊥/τ‖ = 8 ± 2. This value is comparable to graphene/TMD
heterostructures, whereas our high quality BLG provides with τ⊥ up to 9 ns, a more than two
orders of magnitude larger spin lifetime. The anisotropy decreases to 3.5 ± 1 at a carrier density of
n = 6 × 1011 cm−2. Temperature dependent measurements show above 75 K a decrease of τ⊥/τ‖
with increasing temperature, reaching the isotropic case close to room temperature. We explain our
findings with electric field induced spin-valley coupling arising from the small intrinsic spin orbit
fields in BLG of 12 µeV at the CNP.
Coupling between the electronic spin and valley degree
of freedom arises in materials without inversion symme-
try such as single layer transition metal dichalcogenides
(TMDs) [1, 2] where the electronic bands are spin split
by the spin-orbit fields. Due to time reversal symmetry,
the induced spin splitting is opposite for the K and K’
points of the Brillouin zone. This leads to a coupling be-
tween the spin and valley degrees of freedom, and enables
new functionalities such as the optical injection of spin
currents with circularly polarized light [3, 4]. The spin-
valley coupling has been imprinted on the band structure
of monolayer graphene by placing it in proximity with a
TMD and measured using spin [5–7] and charge trans-
port [8–10]. However, it remains a question if similar
behavior can be observed in pristine graphene devices.
BLG has an intrinsic spin-orbit coupling (SOC) of
λI ∼ 12µeV, which points out of the BLG plane. A per-
pendicular electric field breaks the inversion symmetry
and, as a consequence, the intrinsic SOC induces an out-
of-plane spin splitting of 2λI ∼ 24 µeV at the K points
[11]. The splitting has opposite sign in K and K’ and
therefore a valley dependence. Recent ab-initio calcula-
tions show that the encapsulation of BLG in hexagonal
boron nitride (hBN) preserves the presence of the spin
splitting with a similar magnitude [12].
Thermal broadening and inhomogeneities due to dop-
ing fluctuations [13] prevent the direct measurement of
such a small spin splitting in conventional charge trans-
port experiments. However, spin precession experiments
can resolve spin splittings much smaller than kBT, if the
splitting extends over a sufficiently large region in recip-
rocal space and energy [14]. In the presence of an out-
of-plane spin splitting, the dephasing of spins follows the
Dyakonov-Perel mechanism [15]. The in-plane spin life-
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FIG. 1. Schematic a) and optical image b) of the device ge-
ometry. BLG is encapsulated by a 1 nm thick hBN tunnel
barrier (t-hBN) and a 5 nm (b-hBN) flake. A low frequency
AC current (IAC) injects a spin accumulation into the BLG.
The non local signal (VNL) is measured using standard lock-in
technique. The precession of injected in-plane spins around
the magnetic field Bβ is illustrated in the encapsulated BLG
channel. Note that the outer reference contacts (R) are not
covered by the hBN tunnel barrier. The injector (I) and de-
tector contact (D) used for the measurements discussed in the
main text are labeled and have a spacing of L = 7 µm.
time τ‖ is inversely proportional to the intervalley scat-
tering time, τ‖ ∝ λ2I /τiv [5]. Hence, τ‖ is sensitive to the
SOC strength.
Apart from the intrinsic SOC, breaking of the inver-
sion symmetry leads to Rashba spin orbit fields in the
graphene plane [16, 17] that affect both in-plane and
out-of-plane (τ⊥) spin lifetimes. Therefore, spin relax-
ation in BLG is a result of an interplay between between
intrinsic and Rashba SOC. The Rashba SOC depends on
the Fermi velocity, which increases with the carrier den-
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2FIG. 2. Oblique Hanle spin precession data for a) n = 6× 1011 cm−2, b) n = 4× 1011 cm−2 and c) the CNP. RNL0 denotes the
non local resistance at zero field and RNLβ the non local resistance where the perpendicular spin component has fully dephased.
RNLβ is obtained by averaging RNL over the shaded area (50 - 100 mT). The bottom panels d - e show the comparison between
the the ratios RNLβ/RNL0 and our model for different anisotropy values. The shaded area corresponds to the estimated error
margin with the denoted anisotropy values. Note that panels a-c have a small background in RNL of 9.3 Ω, 18 Ω and 17.8 Ω
subtracted.
sity n, whereas the intrinsic spin orbit splitting decreases
with n. As a consequence, the spin lifetime anisotropy
(τ⊥/τ‖) is expected to depend strongly on n near the
CNP [11, 18] allowing the electrical control of the spin
lifetime anisotropy.
Here we study τ⊥ and τ‖ in fully hBN encapsulated
BLG using oblique spin precession. Our results show
that, in contrast with monolayer graphene [17, 19–21], at
temperatures below 300 K, the ratio τ⊥/τ‖ is significantly
above 1 over the full measured range of n. At 75 K we
observe a dependence of τ⊥/τ‖ on the carrier concentra-
tion which increases from 3.5 ± 1 at n = 6× 1011 cm−2
to 8 ± 2 at the CNP confirming the role of the spin-
valley coupling on the spin transport. The anisotropy at
the CNP is comparable to graphene/TMD systems [6, 7].
However, the spin lifetimes in our BLG devices are two
orders of magnitude larger [22–27]. These results show
that small spin orbit fields can induce sizable effects on
the spin relaxation and indicate that the spin relaxation
in our devices is limited by λI and Rashba SOC.
The device is shown in Fig. 1 where the BLG is pro-
tected from contamination by a trilayer hBN tunnel bar-
rier on top and a 5 nm thick bottom hBN flake below [28].
The stack is deposited on a 90 nm SiO2/Si wafer which
is used as a backgate. Ferromagnetic cobalt contacts are
defined using standard e-beam lithography and e-beam
evaporation techniques and are used for spin injection
and detection. With a back gate we tune the carrier con-
centration from the hole regime, slightly beyond the CNP
(2×1011 cm−2) up to 6×1011 cm−2 in the electron regime.
The CNP is at -2 V applied to the backgate, indicat-
ing a small background doping. The electric field at the
CNP is estimated ti be between 10 and 20 mV/nm [29].
Note that the application of large electric fields (above
2 V/nm) to BLG can result in bandgaps up to 200 meV
[30–32]. However, the small fields applied to our sample
lead to bandgap openings significantly smaller than kBT
and are neglected in our analysis.
The mobility µ of the sample is 12000 cm2/Vs at n
= 4 × 1011 cm−2 obtained using µ = 1/e dσ/dn where
σ is the conductivity and e the electron charge. The
charge diffusion coefficient is Dc = 0.026 m
2/s, which is in
agreement with the spin diffusion coefficient Ds = (0.021
± 0.005) m2/s obtained from Hanle spin precession. This
indicates the consistency of the analysis.
To optimize the spin injection efficiency, we apply ad-
ditionally to the AC measurement current a DC bias cur-
rent of -0.6 µA to the trilayer hBN barrier [33, 34]. Note
that the negative bias applied to the injector causes a sign
change in the spin polarization of the injector and there-
fore in RNL. For comparison with conventional Hanle
curves, we have inverted the sign of RNL (see [29]).
Fig. 2a-c shows the experimental results obtained from
oblique Hanle spin precession experiments (see Fig. 1a)
for the schematics of the measurement) at three different
carrier densities. The data shown in panels a and d is
measured at n = 6 × 1011 cm−2, b and e at n = 4 ×
1011 cm−2, whereas the data in c and f is measured at the
CNP. RNLβ is defined as the spin signal where the spin
accumulation perpendicular to the magnetic field Bβ is
3FIG. 3. High field Hanle spin precession curves at β = 90◦ and T = 75 K for the three discussed carrier concentrations.
We simulate the spin precession using the parameters from Fig. 2. The gray line corresponds to the isotropic case. The
perpendicular saturation field of the cobalt contacts is 1.5 T. Note that the same background as in Fig. 2 has been subtracted.
fully dephased. We extract RNLβ from the experiment
by averaging RNL between 50 and 100 mT, indicated by
the gray area at low magnetic fields in Fig. 2a-c.
The spins are injected collinear to the in-plane magne-
tization of the ferromagnetic electrode with efficiency P.
Since only the component parallel to Bβ is conserved, the
injection and detection efficiencies for the measured spins
become P× cos(β). Consequently, RNLβ is proportional
to cos2(β). Therefore, at β = 45◦, one would expect
RNLβ to be reduced by 50% compared to RNL0 in an
isotropic system. We find at 75 K that at all different
carrier concentrations in Fig. 2a-c, RNLβ/RNL0 is clearly
above 0.5 for β = 45◦, which can only be the case if
τ⊥/τ‖ > 1. This can be seen from Eq. 1, which can be
used to quantify the degree of anisotropy [20, 35]:
RNLβ
RNL0
=
√
τβ
τ‖
exp
[−L
λ‖
(√
τ‖
τβ
− 1
)]
cos2 (β) (1)
τβ
τ‖
=
(
cos2(β) +
τ‖
τ⊥
sin2(β)
)−1
(2)
However, this model is only applicable for a channel
significantly longer than both in-plane and out-of-plane
spin relaxation length. The out-of-plane spin relaxation
length (∼12 µm) is longer than the closest spacing be-
tween sample edge and the injector (8 µm). Therefore,
the exact device geometry has to be taken into account
for a quantitative analysis.
To carefully account for the device geometry, we solve
the Bloch equations for anisotropic spin transport nu-
merically. Furthermore, we include both the effect of Bβ
on the contact magnetization direction using a Stoner-
Wohlfarth model and the influence of the finite resis-
tances of the reference contacts [29, 36, 37]. The Hanle
precession curves are simulated for different ratios τ⊥/τ‖
and different angles β. We obtain RNLβ/RNL0 from the
simulated curves using the same procedure as for the ex-
perimental data.
The resulting curves are shown in Fig. 2d to f where
the red solid line represents the best fit to the data. The
gray areas correspond to the estimated error margin with
the annotated values. The case of an isotropic system is
shown by the dotted gray lines. We find τ⊥/τ‖ to be
3.5± 1 (n = 6× 1011 cm−2), 5± 2 (n = 4× 1011 cm−2),
and 8±2 (CNP). We have measured and analyzed differ-
ent contact spacings and different injector/detector con-
tact pairs which all showed a consistent behavior and are
discussed in the supplementary information [29].
When a large B⊥ is applied, the Co magnetization
direction rotates out of the sample plane. As a conse-
quence, a perpendicular spin component is injected mak-
ing RNL sensitive to the spin lifetime anisotropy [19]. The
data measured up to a large B⊥ is shown in Fig. 3 to-
gether with the simulated Hanle curves. It should be
noted that for all carrier concentrations RNL(B⊥ = 1.1 T)
clearly exceeds RNL(B⊥ = 0 T), which is a direct conse-
quence of τ⊥ > τ‖. The Hanle curves are simulated for
different τ⊥/τ‖ ratios, where the gray lines represent the
isotropic case. We attribute the difference between the
low (Fig. 2) and high field analysis (Fig. 3) to two origins.
Firstly, our simulations use a simple out-of-plane shape
anisotropy model to describe the rotation of the electrode
magnetizations under B⊥ whereas the magnetization be-
havior can deviate from the idealized system. Secondly,
we observe magnetoresistance of the BLG channel, which
can reach up to 50% at high fields and at the CNP. Its
possible influence on the measured data is discussed in
the supplementary information [29]. However, for mag-
netic fields below 0.1 T at the CNP the magnetoresis-
tance is below 1%. Hence, magnetoresistance does not
affect our low field analysis.
We can estimate the intervalley scattering time τiv
from the extracted τ‖ and τ⊥ by assuming a Dyakonov-
4FIG. 4. (a) Temperature dependence of the ratio RNLβ/RNL0
measured at β = 45◦. The trend towards RNLβ/RNL0 =
0.5 with increasing temperature implies that the anisotropy
decreases. b) Extraction of the τ⊥/τ‖ for T = 300 K analogous
to Fig. 2. We conclude that τ⊥ ∼ τ‖ at room temperature.
TABLE I. Spin and charge transport parameters of the dis-
cussed device. τiv is calculated using Eq. 3. The density
dependence of λI is extracted from [11]. The momentum scat-
tering time τp is obtained assuming Ds = Dc = v
2
Fτp/2, where
vF is the Fermi velocity.
T n Rsq Ds τ‖ τ⊥ λI τiv τp
K cm−2 Ω m2/s ns ns µeV ps ps
75 CNP 1550 0.010 1.1 8.8 12 0.6 -
75 4×1011 900 0.018 1.9 9.4 2 12 0.28
75 6×1011 750 0.021 1.7 6.1 1 45 0.22
300 4×1011 510 0.03 1.2 1.4 2 4 0.40
Perel type of spin relaxation as predicted theoretically
[5, 15]:
1
2τ⊥
+
(
2λI
~
)2
τiv =
1
τ‖
(3)
where 1/τ⊥ = (2λR/~)2τp with the Rashba SOC λR.
The relevant spin and charge transport parameters are
shown in table I. We observe the shortest τiv at the CNP,
which we attribute to two origins: Firstly, λI is 12 µeV at
the CNP but decays quickly with increasing momentum
from the CNP [11]. As a consequence, the effective λI is
smaller than 12 µeV and our extracted τiv should be seen
as lower bound. Secondly, the spin splittings have oppo-
site sign in the conduction and valence bands. Hence, non
energy conserving scattering between both bands plays
the same role as intervalley scattering when both elec-
trons and holes contribute to the transport. τiv becomes
an effective parameter (τ∗iv) determined by both interval-
ley and interband scatting (τib), τ
∗−1
iv = τ
−1
ib + τ
−1
iv .
Note that the values of λI from table I are calculated in
pristine BLG with an applied electric field of 25 mV/nm
[11]. The accurate determination of λI from first prin-
ciples requires the knowledge of the alignment between
the crystal planes of hBN and BLG. However, prelimi-
nary ab-initio calculations support the presence of a spin
splitting in the range of 24 µeV at the K and K’ points in
hBN encapsulated BLG under small electric fields [12].
It should be mentioned that our out-of-plane spin life-
times in BLG (up to 9 ns) are close to the largest mea-
sured lifetimes of 12 ns in SLG [38]. Therefore, the spin
relaxation length becomes comparable to the device size
and uncertainties, such as the spin lifetime in the ad-
jacent uncovered BLG regions, can affect the analysis.
Moreover, it is not clear whether the spin relaxation fol-
lows purely the Dyakonov-Perel mechanism and if other
sources of spin orbit coupling become relevant for limit-
ing τ‖ and τ⊥ in BLG [39–41].
Lastly, we discuss the temperature dependence of the
spin lifetime anisotropy. The carrier density dependence
of τ⊥/τ‖ at T = 5 K is discussed in the supplementary in-
formation [29] and gives comparable results to T = 75 K
(τ⊥/τ‖ = 2 at 6×1012 cm−2 and τ⊥/τ‖ = 8 at the CNP).
Fig. 4a shows the ratio RNLβ/RNL0 measured at an angle
of β = 45◦ and zero backgate voltage (n = 4×1011 cm−2,
measured at 5 K and 75 K). We observe a continuous de-
crease of RNLβ/RNL0 as the temperature increases. At
room temperature RNLβ/RNL0 is close to 0.5, which cor-
responds to an isotropic system where τ⊥/τ‖ ≈ 1. The
full angular dependence of RNLβ/RNL0 at T = 300 K is
shown in Fig. 4b. We extract here τ⊥/τ‖ = 1.2, where
we estimate the error margin to be between 1 and 1.4.
Due to an increased gate leakage current, we are unable
to reach the CNP at 300 K. Therefore, we assume that
the doping of the BLG flake remains constant over the
measured temperature range and consequently the car-
rier concentration at room temperature is 4×1011 cm−2.
We calculate τp ≈ 0.4 ps ∼ τiv/10 indicating that the de-
crease of anisotropy at 300 K is caused by the decrease of
τiv. Note that the thermal broadening at 300 K causes a
sizable spread in momenta that can lead to lower lifetime
anisotropies because λI diminishes fast with increasing n.
Theoretical calculations predict in contrast to our re-
sults a maximum of the anisotropy around 175 K [18].
Additionally, the anisotropy is predicted to be below 1
at low temperatures due to the suppression of interval-
ley scattering induced by electron-phonon interaction.
Both predictions are not consistent with our observa-
tions, which we attribute to two main differences between
theory and experiment. Firstly, the calculations are per-
formed at n = 3×1012 cm−2, which is significantly above
n for our device. As we have demonstrated in this let-
ter, the anisotropy is strongly affected by n. Secondly,
our device is fully encapsulated in hBN, which can affect
the phonon modes in BLG. At room temperature, these
calculations predict τ⊥/τ‖ above 50 with τ‖ greater than
10 ns, whereas we find an almost isotropic system and τ‖
= 1.2 ns.
In summary, we have studied the spin lifetime
anisotropy in BLG by oblique spin precession. τ⊥ is
found to be up to 8 times larger than τ‖ at the CNP. The
5anisotropy is found to decrease with increasing carrier
concentration. An increase in temperature above 75 K
causes a decrease of τ⊥/τ‖ and around room temperature
τ⊥ approaches a similar value as τ‖, implying that BLG
becomes isotropic. We attribute this to the intrinsic out-
of-plane spin orbit fields in BLG, which, despite of their
small magnitude, induce a significant spin-valley coupling
that can be used to control spins in BLG [11, 18].
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Supplementary Information
FABRICATION DETAILS
Thin hBN flakes are exfoliated from hBN powder
(HQ Graphene) onto 90 nm SiO2 wafers. Suitable hBN
flakes are selected by their optical contrast and the thin-
hBN/BLG/bottom-hBN stack is fabricated using a poly-
carbonate based dry transfer technique [28]. The bottom
hBN flake has a thickness of 5 nm. The use of a thin-hBN
flake (∼ 1 nm, trilayer) as tunnel barrier for spin injection
allows us to measure spin transport in a fully encapsu-
lated high quality bilayer graphene device. Fig. S1 shows
the optical image and optical contrast analysis of the
used BLG flake exfoliated from HOPG (HQ Graphene)
on a 300 nm SiO2 wafer. Its optical contrast, shown in
Fig. S1c, is twice the single layer contrast, which is de-
termined from the reference flake image in Fig. S1b. The
BLG thickness is confirmed by atomic force microscopy
and is ∼0.8 nm.
FIG. S1. Optical image of the used BLG flake a) and the
contrast reference flake b). The dashed white lines mark the
edges of the flakes. The black line indicates the position where
the optical contrast is measured. c) The contrast analysis
confirms the graphene thickness to be two layers.
After the removal of the transfer polymer in chloro-
form the sample is annealed (1h in Ar/H2 atmosphere)
to clean the hBN surface and promote the adhesion of
the metal film. Contacts are defined using standard two
step PMMA-based e-beam lithography. Markers are ex-
posed and developed in a first step and used for the
contact exposure as reference. After development, the
sample is loaded to an e-beam deposition system and
65 nm of cobalt are evaporated at a base pressure below
10−7 mbar. Additionally, a 5 nm aluminum capping layer
is deposited to prevent the oxidation of the cobalt. After
liftoff in warm acetone, the finished device (Fig. S2) is
loaded into a cryostat where the sample space is evacu-
ated below 10−6 mbar.
2FIG. S2. Optical image of the finished sample with labeled
contacts. The outermost contacts are used as reference elec-
trodes and do not have an hBN tunnel barrier.
CHARGE AND SPIN TRANSPORT
CHARACTERIZATION
The carrier density dependence of the square resistance
Rsq of the BLG flake between contacts 1 and 3 is shown
in Fig. S3a). We can tune the carrier concentration n
through the 90 nm SiO2 and the 5 nm thick b-hBN from
6 × 1011 cm−2 in the electron regime to slightly beyond
the charge neutrality point (CNP) at 2 × 1011 cm−2 in
the hole regime. In this range we observe a gate leakage
current below 10 nA. The carrier concentration in BLG
is calculated via:
n = 0(VBG −VCNP)/(tBG · e) (S1)
where 0 = 8.854× 10−12 F/m denotes the vacuum per-
mittivity,  = 3.9 the relative dielectric permittivity of
SiO2, VBG the voltage applied to the back gate, VCNP
= -2 V the gate voltage at the CNP and t the thickness
of the gate oxide. Here we assume that the dielectric
permittivity of hBN has approximately the same value
as SiO2 and use the dielectric thickness of tBG = tSiO2
+ thBN = 95 nm. Note that the gate leakage current in-
creased during the measurements and prohibited in the
end to reach the CNP at room temperature.
The basic characterization of the spin transport in the
non local geometry is shown in Fig. S3b and c. Here we
use, as in the main text, contact 1 as injector and con-
tact 4 as detector electrodes. The contacts are separated
by L = 7 µm. We use the outermost contacts as refer-
ence electrodes which do not have a tunnel barrier. We
source an AC current of 50 nA between the ferromagnetic
injector and the left reference electrode (R). A spin accu-
mulation is injected through the hBN tunnel barrier and
diffuses along the BLG flake. The detector probes the
spin accumulation underneath its contact relative to the
right reference electrode as VNL. In this particular mea-
surement we do not apply any DC bias or gate voltage,
n is here 4× 1011 cm−2 in the electron regime.
We observe a signal of RNL = VNL/IAC = 25 Ω in
the spin valve, Fig. S3b. The spin precession in a per-
pendicular magnetic field B⊥ in (anti)parallel alignement
is shown in Fig. S3c. By fitting the Hanle spin preces-
FIG. S3. a) Dependence of the BLG square resistance on the
carrier density n. b) DC bias dependence of the spin injection
efficiency of contact 2 (injector used in the main text). c)
Spin valve measurement of the device. d) Spin precession in
(anti)parallel alignment of the injector and detector electrode.
sion data we extract the spin relaxation time τs‖ = (1.9
± 0.2) ns and a spin diffusion constant Ds‖ = (201 ±
32) cm2/s of our device and calculate the in-plane spin
relaxation length λ‖ =
√
Ds‖τs‖ ∼ 6.2 µm.
From the measurements of the spin valve signals with-
out any DC bias current in three different configurations
with alternating injector and detector combinations we
extract an unbiased spin polarization of 21%, which is
consistent throughout all measured contacts. A charac-
teristic feature of spin injection from cobalt electrodes
into graphene through hBN tunnel barriers is the de-
pendence of the spin injection efficiency on the voltage
applied across the hBN tunnel barrier. We found that a
positive bias increases the spin injection efficiency and a
negative bias also results in a sign change in the spin in-
jection and consequently in the RNL [33, 34]. For the data
shown in the main text we apply, additionally to the AC
current, a DC bias current of -0.6 µA, which corresponds
to a voltage of -300 mV and increases the unbiased spin
injection efficiency from 21% to above -40%. The spin
injection efficiency of the injector as a function of the ap-
plied DC bias is shown in Fig. S3b. The DC bias improves
the signal to noise ratio which significantly enhances the
data quality for measurements at the CNP. Note that the
negative DC bias changes also the sign of RNL. To avoid
confusion with the conventional sign of RNL, we have in-
verted the sign for all biased Hanle curves. Our analysis
and the resulting claims are not affected by this.
3ESTIMATION OF THE ELECTRIC FIELD
To determine the electric field applied to the BLG flake
we try to estimate the doping at the top and bottom side
of the BLG. Since we have only one gate, we cannot con-
trol the electric field and carrier density independently.
Hence, we estimate the lower bound of the electric field
under the assumption that the doping is equal at both
sides of the BLG flake. The carrier density is then deter-
mined by:
n = 0VBG/(tBG · e) + nbottom + ntop (S2)
where ntop and nbottom are the carrier densities induced
by the doping at the top and bottom sides of the BLG
flake. The external electric field is then defined as:
E = VBG/2tBG − nbottom/2+ ntop/2 (S3)
When assuming that nbottom = ntop, we obtain as lower
bound:
ECNP = VBG/2tBG ∼ 10 mV/nm (S4)
Assuming that all doping arises from the BLG top,
nbottom = 0, we obtain as upper bound ECNP =
20 mV/nm.
MEASUREMENTS USING DIFFERENT
INJECTOR-DETECTOR SPACINGS
Fig. S4 contains the RNLβ/RNL0 ratio for two different
injector-detector spacings measured at T = 75 K and n
= 6 × 1011 cm−2. The measurements presented in the
main text in Fig. 2a and d have yielded τ⊥/τ‖ = 3.5 for
the same carrier concentration.
FIG. S4. Extraction of the spin lifetime anisotropy for a) L
= 10.1 µm (contacts 1 and 5) and b) L = 2.7 µm (contacts 4
and 5) at n = 6× 1011 cm−2 and T = 75 K. The shaded area
corresponds to the estimated error margin.
Fig. S4a is measured at a longer spacing of L = 10.1 µm
where contact 1 is used as injector and 5 as detector.
Fig. S4b uses contact 4 as injector and 5 as detector,
where L = 2.7 µm. For L = 10.1 µm, we find a simi-
lar value as discussed in the main text of τ⊥/τ‖ = 3.5 ±
1. With a different injector contact and a shorter spac-
ing of L = 2.7 µm, we extract a slightly smaller value.
Within the experimental uncertainty, all different spac-
ings and injector and detector configurations yield similar
anisotropies. As a consequence we conclude that our de-
vice is homogeneous and the results from our analysis do
not depend on the specific contact pair used.
SPIN PRECESSION MEASUREMENTS WITH
IN-PLANE MAGNETIC FIELDS
Fig. S5 contains the measurements of the spin preces-
sion with an in-plane magnetic field perpendicular to the
injected spin direction, along the device length. In this
experiment the magnetic field rotates the injected spins
in the B‖ and B⊥ plane. Therefore, both in-plane and
out-of-plane spin lifetimes will be probed.
The data shown in Fig. S5 is measured with con-
tact 1 as injector and 5 as detector, L = 10.1 µm. RNL
is extracted from the spin precession measurement in
(anti)parallel electrode configuration.
FIG. S5. In-plane spin precession measurements over L =
10.1 µm at T = 75 K and two different carrier concentrations.
The gray area corresponds to the estimated error margin, the
red line to the fit of τ⊥/τ‖.
Using the model described below that accounts for the
actual device geometry we model anisotropic spin trans-
port and estimate τ⊥/τ‖ ∼ 1.5 at 6 × 1011 cm−2 and
τ⊥/τ‖ ∼ 3 near the CNP. In comparison to the oblique
spin precession measurements we find slightly smaller
anisotropies, which is consistent with Ref. [21]. We at-
tribute this observation to a change in the sample pa-
rameters that occurred prior to this measurement due
to unloading of the sample from the cryostat. Never-
theless, the anisotropy remains tunable with the applied
gate voltage.
4LOW TEMPERATURE ANISOTROPY
MEASUREMENTS
Fig. S6 contains the RNLβ/RNL0 ratio extracted from
oblique Hanle measurements at T = 5 K using contacts 1
and 3 as injector and detector (L = 5.2 µm). In compar-
ison to the measurements at 75 K and L = 7 µm, we find
a very comparable values of the spin lifetime anisotropy
and dependence on the carrier density.
FIG. S6. RNLβ/RNL0 and the extracted τ⊥/τ‖ ratio at T =
5 K gives similar anisotropies as the measurements at T =
75 K discussed in the main text.
CARRIER CONCENTRATION DEPENDENCE
OF THE IN-PLANE SPIN LIFETIME
We have measured the carrier density dependence of
the in-plane spin lifetime at 5 K and 75 K (Fig. S7).
As a result we obtained that, at both temperatures, τ‖
increases with increasing density in the conduction band.
This result is in contrast with other reports of bilayer
graphene on SiO2 [22–24], where the opposite trend was
observed at 5 K.
FIG. S7. Carrier density dependence of the in-plane spin
lifetime at 5 K (black squares) and 75 K (red circles) measured
with B⊥.
CARRIER DENSITY DEPENDENCE OF THE
MAGNETORESISTANCE
Fig. S8 shows the four probe magnetoresistance of the
graphene channel. The magnetoresistance is negligible
and less than 1% at low magnetic fields between 50 and
100 mT. Therefore, it does not affect our low field ana-
lysis. At higher magnetic fields of 1.2 T, the magnetore-
sistance reaches up to 50% at the CNP. At higher carrier
densities this value decreases to 25%. Since the possible
contribution of magnetoresistance to RNL depends on the
background resistances which are smaller than 20 Ω and
the agreement between the low field and high field ana-
lysis, we conclude that the effect is not dominant for the
high field analysis.
FIG. S8. Magnetoresistance of the graphene channel at dif-
ferent gate voltages at T = 75 K.
MODELING OF THE SPIN LIFETIME
ANISOTROPY
As described in the main text, our device length is
comparable to the in- and out-of-plane spin relaxation
lengths. As a consequence, we have to take the effect
of the finite length on the extracted parameters into ac-
count. Therefore, we use a numerical model that ac-
counts for the following:
1. The spin lifetime anisotropy in the channel.
2. The finite length of the channel.
3. The effect of spin absorption by the reference con-
tacts that do not have any tunnel barrier.
4. The effect of the magnetic field in the contact mag-
netization direction, which we estimate to have a
maximum angle of 4◦ for β = 90◦ at B = 0.1 T.
The model is based on the Bloch equations with
anisotropic spin relaxation [20, 42] using the device pa-
rameters shown in table I and geometry sketched in
Fig. S9.
5FIG. S9. Sketch of the simulated device geometry.
0 = Ds
d2µsx
dx2
− µsx
τ‖
+ γByµsz − γBzµsy (S5)
0 = Ds
d2µsy
dx2
− µsy
τ‖
+ γBzµsx − γBxµsz (S6)
0 = Ds
d2µsz
dx2
− µsz
τ⊥
+ γBxµsy − γByµsx (S7)
where ~µs = (µsx, µsy, µsz) is the three dimensional spin
accumulation, Ds is the spin diffusion coefficient, τ‖ and
τ⊥ are the in- and out-of-plane spin relaxation times, and
γB = gµBB/~ is the Larmor frequency with the Lande´
factor g = 2, µB the Bohr magneton and ~ the reduced
Planck constant. In our devices, the ferromagnetic con-
tacts go all across the channel. This makes the spin ac-
cumulation constant over the sample width (Ws) and al-
lows us to make our analysis 1D. Here we use the average
width (3 µm) of the relevant region of the BLG flake.
TABLE I. Device parameters used in the model. Ll denotes
the distance from the injector to the left sample edge, Lr the
distance to right sample edge, Lcl the distance to the injector
reference with the contact resistance Rcl and Lcr the distance
to the voltage reference with Rcr.
Ll (µm) Lr (µm) Lcl (µm) Lcr (µm) Rcl (Ω) Rcr (Ω)
8 18 7 17 500 500
The magnetization direction is determined using the
Stoner-Wohlfarth model [43]. Because the magnetic field
is applied in the y-z plane, we solve the Stoner-Wohlfarth
equation numerically:
sin(2(φ− β))/2 + h sin(φ) = 0 (S8)
Where h = B/Bsat is the effective external field. Bsat is
the field at which the electrode magnetization saturates
in the direction perpendicular to the easy axis. In our
case, we assume that Bsat = 1.5 T based on earlier mea-
surements of comparable cobalt electrodes with similar
thickness. As defined in the main text, β is the angle
between the magnetic field and the easy axis of the ferro-
magnet, φ is the angle between the contact magnetization
and the applied magnetic field. The angle between the
magnetization M and the easy axis is γ = β−φ. To deter-
mine the spin signal in the channel we use the following
boundary conditions:
• The spin accumulation µs is continuous every-
where.
• The spin current is defined as
Is = Ws/(2eRsq)(dµsx/dx,dµsy/dx,dµsz/dx)
where Ws is the width of the graphene, Rsq is the
square resistance of the graphene channel and e is
the electron charge.
• The spin current has a discontinuity of
∆Is = I · Pinj/2(0, cos(γ), sin(γ)) at the injec-
tion point.
• The spin current is discontinuous at the
transparent outer contacts due to the spin
backflow effect. This discontinuity is of
∆Is = −Iback = −µs/(2eRc)(1, 1, 1) where Rc
is the resistance of the reference contacts.
• The spin current at the sample end is zero.
Using these equations, we have performed a finite dif-
ference calculation that implements an implicit Runge-
Kutta method in Matlab to determine the spin signal.
EFFECT OF THE CONTACT RESISTANCE ON
THE ANISOTROPY
The interface resistances of the outer contacts are com-
parable to the resistances of the cobalt leads. Therefore,
it is not possible to determine their exact interface re-
sistance from three terminal measurements. To estimate
the resulting uncertainty, we have performed simulations
of angle dependent spin precession with different con-
tact resistances using the model described in the previ-
ous section. Here we use the spin transport parameters
measured at n = 6 × 1011 cm−2 and an anisotropy of
τ⊥/τ‖ = 2.5.
The simulated Hanles are analyzed by evaluating the
average signal between B = 0.05 T and B = 0.1 T. The
output of this operation is defined as RNLβ and is nor-
malized to the value of RNL0 at B = 0 to obtain the
ratio RNLβ/RNL0. The angle dependence of RNLβ/RNL0
is shown in Fig. S10a for different contact resistances. To
determine the effect of these changes in the spin lifetime
anisotropy, we fit the results from a to the infinitely long
channel model [20]:
RNLβ
RNL0
=
√
τβ
τ‖
exp
(
− L
λ‖
(√
τ‖
τβ
− 1
))
cos2(β) (S9)
τβ
τ‖
=
(
cos2(β) +
τ‖
τ⊥
sin2(β)
)−1
(S10)
The results from this calculation are shown in
Fig. S10b. From those results we conclude that
1. The finite device size, without the presence of inva-
sive contacts, leads to a substantial overestimation
of the lifetime anisotropy when using Eq. S9.
6FIG. S10. Effect of the contact resistance of the reference
contacts on the ratio RNLβ/RNL0 as a function of the angle
β between the B field and the y-axis a). b) The values of
τ⊥/τ‖ are obtained from fits to Eq. S9 for different contact
resistances Rc. The simulated anisotropy is τ⊥/τ‖ = 2.5 and
is substantially overestimated by Eq. S9.
2. The anisotropy extracted from Rc = 100 kΩ is al-
most exactly the same as the high resistance refer-
ence (Rc = 1 TΩ). As a consequence, the effect of
the contact backflow when Rc ≥ 100 kΩ is negligi-
ble, which is the case for all contacts with an hBN
tunnel barrier. Furthermore, this justifies that we
do not have to take additional contacts between
injector and detector electrodes into account.
3. The invasive reference contacts reduce the effect
of the lifetime anisotropy on the measured signal,
compensating for the confinement effect. Since for
those contacts Rc is lower than 500 Ω, the abso-
lute uncertainty in the anisotropy is about 0.25 and
lower than the uncertainty in fitting the experimen-
tal data.
TABLE II. Spin and charge transport parameters used to de-
termine the spin lifetime anisotropy in the bilayer graphene
channel. The in-plane spin lifetime, spin diffusion coefficient
and contact polarization are determined from Hanle preces-
sion with B applied perpendicular to the graphene plane. Rsq
is obtained from local four probe measurements.
Vbg (V) Rsq (Ω) Ds (m
2/s) τ‖ (ns) P
-2 1550 0.010 1.1 0.42
0 900 0.018 1.87 0.431
1 750 0.021 1.74 0.472
MEASUREMENTS ON A SECOND BLG DEVICE
Lastly, we discuss the spin precession measurements of
a BLG flake deposited on an Yttrium-Iron-Garnet (YIG)
substrate. In contrast to our previous study of SLG on
YIG, where we found an exchange field of the order of
0.2 T [14], the exchange field of this BLG sample was
determined to be below 4 mT and can therefore be ne-
glected in the following analysis. This sample is not fully
hBN encapsulated, only a bilayer hBN tunnel barrier is
used for spin injection. Compared to the fully encapsu-
lated sample, we observe significantly reduced spin life-
time, τ‖ = (99.1 ± 7.5) ps and Ds = (532 ± 41) cm2/s.
The in-plane spin relaxation length is 2.3 µm. The car-
rier concentration can not be directly measured in this
type of samples. Similarly fabricated Hall bars show n ∼
4 × 1012 cm−2 and we expect the carrier concentration
to be in a comparable range.
Fig. S11 contains the RNLβ/RNL0 ratio measured at
different angles β. Note that the short values of τ cause
a broadening of the Hanle curves. Therefore, we have to
average the RNL at higher fields to obtain RNLβ (300-
400 mT). Nevertheless, we observe clearly anisotropic
spin transport in the BLG flake, and RNLβ at β = 45
◦ is
clearly above 0.5.
Fig. S11b shows the full analysis of the angle sweep.
We extract τ⊥/τ‖ = 2.5 using our model. In compari-
son to the fully encapsulated BLG sample, we observe in
this hBN-covered sample a smaller anisotropy, which we
attribute to the difference in the carrier concentration of
both samples. At 6×1011 cm−2, we measured in the fully
encapsulated device τ⊥/τ‖ = 3.5. An anisotropy value of
τ⊥/τ‖ = 2.5 at around 4×1012 cm−2 is therefore in good
agreement with the carrier concentration dependence of
the sample discussed in the main text.
FIG. S11. a) Measurements of the oblique Hanle spin pre-
cession in BLG without a bottom hBN flake. The reduced
spin transport parameters require a larger field scan at which
the in-plane field component starts to switch the injector and
detector electrodes. b) The extracted RNLβ/RNL0 ratio in-
dicates τ⊥/τ‖ = 3.5. The data is measured at 75 K and an
additionally applied DC bias current of -10 µA.
